Introduction
Cerebrospinal fluid (CSF) contributes to a small but significant portion of the intracranial anatomy. According to the Monro-Kellie doctrine, intracranial pressure (ICP) is determined by a pressure-volume relationship between CSF volume, brain tissue, and blood. 1 Qualitative changes in CSF volume (compression of a lateral ventricle, obliteration of basal cisterns, pathological enlargement of ventricles, effacement of cortical sulci) have been attributed to changes in ICP. [2] [3] [4] [5] A few studies have evaluated measures of CSF, but none have evaluated its relationship in the presence of lesions causing mass effect. [6] [7] [8] [9] [10] [11] [12] We recently demonstrated that overall density measurements via computed tomography (CT) Hounsfield units (HU) can quantitatively estimate a degree of brain compression in a patient cohort with selected extra-axial hematoma. 13 We sought to use an updated patient cohort to evaluate a measure of CSF volume through image segmentation, evaluating its consistency and utility to estimate a degree of brain compression as well.
Methods
The approval of the institutional board review #5 (PRO00025991) was obtained prior to the study.
In our retrospective study, we reviewed 113 patients with surgical extra-axial hematomas evaluated between fall 2012 to winter 2016 at our institution. We included 28 patients (age 61.7 þ/À 17.7 years; 19 males, nine females) with an acute epidural hematoma (EDH) (n ¼ 5) and subacute/chronic subdural hematoma (SDH) (n ¼ 23). We excluded 85 patients, in order, due to acute SDH (n ¼ 76), concurrent intraparenchymal pathology (n ¼ 6), and bilateral pathology (n ¼ 3). This is an updated patient cohort from our previous study. 13 Clinical data (age, gender, type of hematoma, and laterality) were extracted from medical records.
Noncontrast CT images of the head were obtained using a CT scanner (2004 GE LightSpeed VCT CT system, tube voltage 140 kVp, tube current 310 mA, 5 mm section thickness) preoperatively, postoperatively (3.8 AE 5.8 hours from the surgery), and at follow-up clinic visit (48.2 AE 27.7 days after surgery). Each CT scan was loaded into an OsiriX (Pixmeo, Switzerland) workstation to segment pixels based on radiodensity properties measured in HU. Based on HU values from À30 to 100, brain parenchyma, CSF spaces, vascular structures, hematoma, and/or postsurgical fluid were segregated from bony structures; subsequently, hematoma and/or postsurgical fluid were manually selected and removed from the images ( Figure 1 ). The remaining images represented overall brain volume, containing only CSF spaces, vascular structures, and brain parenchyma. Thereafter, the ratio between the total number of voxels representing CSF volume (based on values between 0 to 15 HU, Figure 2 ) to the total number of voxels representing overall brain volume was calculated.
Statistical analysis was performed with SAS version 9.4 (SAS Institute Inc, Cary, NC). Repeated-measures regression models were fitted with CSF/brain volume ratio against age, gender, laterality, and type of hematoma. Based on the distribution of CSF/brain volume ratio, the response variable was taken on a log-transformed scale. Subsequently, the estimates of ratios and corresponding confidence intervals (CIs) were calculated. The p values were provided evaluating effects of each predictor. A p < 0.05 was considered statistically significant.
Results
There were 19 males and nine females in the patient population, with age 61.7 AE 17.7 years (Table 1) . Twenty-three patients exhibited SDH and underwent burr hole drainage with placement of a subdural drain; five patients exhibited EDH and underwent a craniotomy with no drain placement.
The CSF/brain volume ratio varied significantly during the course of the disease being the lowest preoperatively, 0.051 AE 0.032; higher after surgical evacuation of hematoma 0.067 AE 0.040; and highest at follow-up visit, 0.083 AE 0.040, (p < 0.01). Using a repeated-regression analysis, we found a significant association (p < 0.01) of the ratio with age (odds ratio, 1.019; 95% CI, 1.009-1.029) and type of hematoma (odds ratio, 0.405; 95% CI, 0.303-0.540).
Discussion
Changes in CSF volume are associated with many pathologies within the central nervous system. For example, interval ventricular enlargement is a key finding to diagnose hydrocephalus or shunt malfunction. Moreover, the severity of mass lesions is based on the patency of basal cisterns, the effacement of sulci, and the collapse of the lateral ventricles. On the other hand, changes in CSF volume can also be related to age and associated with cerebral atrophy. In normal clinical practice, the assessment of CSF has predominantly been qualitative and subjective, which can lead to inconsistencies and imprecision.
In the literature, there have been several methods to extract the ventricular system and/or CSF volume from magnetic resonance (MR) images. [6] [7] [8] [9] A few algorithms exist to segment the ventricular system and/or CSF from CT images, but the process has met challenges due to poor contrast and image quality. 10, 11, [14] [15] [16] [17] [18] [19] [20] [21] The prospects for CT segmentation remain significant, since CT imaging is widely performed initially for the diagnosis of intracranial pathologies. Wanifuchi et al. 10 defined the percentage of CSF as the difference in the intracranial volume and the cerebral parenchymal volume (defined as regions with HU values 23-100) divided by the intracranial volume; the study noted that the percentage of intracranial CSF rapidly increased after the sixth decade, seeming to reflect the brain atrophy that accompanies increased age. Sanghera et al. 11 applied a similar definition (via threshold values for differentiation between brain tissue, CSF, and bone) and demonstrated that whole-brain radiation therapy immediately accelerates the rate of brain atrophy. Chen et al. 14, 15 used ventricular segmentation to quantify midline shift and perform preliminary correlations with ICPs in a limited patient population. Moreover, Dhar et al. 12 found a relationship between changes in CSF volume with cerebral edema in patients with hemispheric infarction. We believe HU values 0-15 is a reasonable range, as cited in Kim et al., 22 where the HU of CSF is between 0 and 15, 
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The Neuroradiology Journal 30 (1) cerebral tissue has an HU < 40, and the HU of hemorrhagic cells is <80. 22, 23 The present study employed CSF/brain volume ratio to evaluate dynamics of intracranial volume changes in patients with space-occupying mass. This definition is similar to Wanifuchi et al and Sanghera et al. The protocol employed thresholding to quantify CSF, identifying pixels with HU values 0 to 15 as CSF; this is an accepted range based on prior literature. 22 The selected patient population exhibited a simplified injury (subacute or chronic SDH or purely EDH). Acute SDH or bilateral pathology frequently have significant intraparenchymal injury, including subarachnoid hemorrhage, contusion, or focal cerebral edema that would influence the segmentation process. Subarachnoid hemorrhage would present within a CSF region (a sulcus or cistern); since acute hemorrhage has HU 55-80, the region occupied by the hemorrhage would not be accounted for with the designed protocol. Contusion or focal edema may exhibit low HU values, and misleadingly elevate the calculated CSF volume. Overall, a reasonable assumption is that the CSF/brain volume ratio represents the percentage of CSF volume relative to brain parenchyma volume; moreover, the model represents a mass lesion that effaces sulci, compresses ventricles, and obliterates basal cisterns (Figure 2(a)-(f) ).
Interestingly, the value increased significantly at each time point. This may be partly explained by brain re-expansion after decompression. Though a hematoma can be evacuated, that does not necessarily mean that CSF will fill up that space immediately, 1:1. As this demonstrates quantitatively, most times, the brain will remain relatively compressed in the immediate postoperative period, even if a hematoma is evacuated. The value at follow-up is significantly larger than either perioperative values. A conceivable explanation is the presence of encephalomalacia secondary to traumatic brain injury (TBI); this may be followed by compensatory dilation of the ventricles, which contributes to a higher CSF/brain volume ratio. Then again, the clinic visit value may be an approximate estimation of the baseline status prior to development of the hematoma. Wanifuchi et al. 10 developed a standard curve for the percentage of intracranial CSF according to decade. Based on their curve, the patients in the sixth and seventh decade had percentages 8.309 AE 0.287% and 9.011 AE 0.316%, respectively; this is comparable to our average ($8%) with a mean age of 61.7 years. The overall trend regarding CSF/brain volume ratio in the study population correlates with the status of the hematoma.
Age and type of hematoma significantly correlated with the magnitude of the CSF/brain volume ratio. The finding with respect to age is in congruence with Wanifuchi et al., where atrophy increases with older age. The finding with respect to the type of hematoma may be due to the relative acuity between acute EDH and subacute/chronic SDH. Reasonably, patients with EDH had a more rapid decrease in CSF volume, and the brain parenchyma did not have a chance to accommodate the mass effect from the EDH. On the other hand, for patients with subacute/chronic SDH, the brain parenchyma did have a chance to accommodate. Consequently, it would make sense that changes in CSF/brain volume ratio would be more responsive in patients with EDH. Moreover, patients with EDH tended to be younger patients, who naturally have lower CSF volumes, compared to those with subacute/chronic SDH, who tended to be older patients.
This study has several limitations. The cohort was relatively small, and the model is a limited representation of all intracranial pathologies. Moreover, CT image segmentation is hampered by beam hardening, where an increase occurs in the values of any lowdensity area neighboring a high-density area; this makes quantification near bony regions (especially within cortical sulci) more difficult and potentially underestimates the presence of CSF at these areas. 24 In addition, thresholding was applied with values from the literature; these may not technically represent individualized values for each patient. Moreover, the change in CSF volume correlated with changes in mass effect. Considering the Monro-Kellie doctrine, this also assumed that brain tissue volume and blood volume remained constant, which may not always be the case. Brain tissue volume may increase with cerebral edema, while blood volume may change with perfusion. We attempted to reduce the effects of cerebral edema by eliminating the patients with significant intraparenchymal pathology. Nevertheless, given the observed relationship between the CSF/brain volume ratio and the status of the hematoma, the model appears to be a sensible depiction of brain compression.
Conclusion
The results from this study suggest that the CSF/ brain volume ratio is a consistent and reliable tool that inversely correlates with the status of a hematoma before evacuation, immediately after evacuation, and at longer-term follow-up. The use of CSF in selected populations may serve as an adjunct for the evaluation of surgical lesions. A larger study supplemented with ICP monitoring can provide further insights, including potential threshold values at which mass effect becomes clinically relevant. Future studies can also evaluate the utility of CSF/brain volume ratio for management of hydrocephalus (and shunt malfunctions).
